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Abstract
The lin-12/Notch signaling pathway is conserved from worms to humans and is a master regulator of metazoan development. Here, we
demonstrate that lin-12/Notch gain-of-function (gf) animals display precocious alae at the L4 larval stage with a significant increase in let-7
expression levels. Furthermore, lin-12(gf) animals display a precocious and higher level of let-7 gfp transgene expression in seam cells at L3
stage. Interestingly, lin-12(gf) mutant rescued the lethal phenotype of let-7 mutants similar to other known heterochronic mutants. We propose that
lin-12/Notch signaling pathway functions in late developmental timing, upstream of or in parallel to the let-7 heterochronic pathway. Importantly,
the human microRNA let-7a was also upregulated in various human cell lines in response to Notch1 activation, suggesting an evolutionarily
conserved cross-talk between let-7 and the canonical lin-12/Notch signaling pathway.
© 2008 Elsevier Inc. All rights reserved.Keywords: Heterochronic genes; Developmental timing; lin-12/Notch; let-7; lin-41; microRNA molting; Cell fate; Seam cellsIntroduction
MicroRNAs are single strand non-coding RNAs of ∼22
nucleotides that function as regulators of gene expression and
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microRNAs bind to complementary sequences within the 3′
untranslated regions (UTRs) of their target mRNAs leading
to translational repression and mRNA destabilization (Bagga
et al., 2005). Importantly, these new class of regulators have
been implicated in stem cell differentiation, organ development
and oncogenesis (Zhang et al., 2007). The molecular mechan-
isms regulating microRNA expression and function are there-
fore of great interest in understanding both normal and ab-
normal biological pathways.
The evolutionarily conserved microRNA genes lin-4 and
let-7 play key roles in the temporal control of larval devel-
opment in Caenorhabditis elegans (Thummel, 2001). lin-4
functions in early (L1 to L2) larval developmental decisions,
while let-7 functions as a core regulator of the late (L4-to-adult)
larval developmental pathway (Abbott, 2003; Reinhart et al.,
2000). In wild-type animals, let-7 is temporarily expressed
in seam cells (hypodermal skin cells) at the L4 larval stage
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RING-finger B-box coiled-coil-containing protein (Lin et al.,
2003; Slack et al., 2000). The downregulation of the LIN-41
protein levels releases the repression on the adult-specific
transcription factor LIN-29. Upon LIN-29 activation, seam
cells exit the cell cycle, fuse and secrete a cuticular structure
known as alae (Ambros and Horvitz, 1984). Furthermore,
LIN-29 promotes the synthesis of adult cuticle and cessation
of molting (Bettinger et al., 1996; Rougvie and Ambros,
1995). Loss-of-function mutations in lin-41 result in a
precocious alae phenotype. In this situation, seam cells
prematurely adopt the adult fate and secrete alae during the
L3 molt. Conversely, mutations in let-7 or lin-29 (Lin et al.,
2003; Rougvie and Ambros, 1995) cause a retarded
phenotype where seam cells continue to proliferate and fail
to adopt the adult cell fate at the adult stage (L4 molt).
Although the role of let-7 has been well established in
C. elegans, its regulation in both C. elegans and mammals is
poorly understood.
The canonical lin-12/Notch signaling pathway controls a
broad spectrum of cell fate decisions and developmental
processes in diverse metazoans (Bray, 2006). In C. elegans,
LIN-12 is involved in cell fate specification of the vulval
precursor cells, sex myoblasts and Π cells during the
hermaphrodite gonad development (Greenwald, 1998). The
LIN-12/Notch receptor is activated upon binding to the DSL
(Delta/Serrate/Lag-2) family of ligands on the surface of
adjacent signal-sending cells. Ligand binding leads to cleavage
of the extra-cellular domain of the receptor by the ADAM
family proteases, generating the membrane tethered intracel-
lular domain (ICN). The ICN is subsequently cleaved from the
membrane by the γ-secretase complex and translocated to the
nucleus to interact with CSL (CBF1, Human/Su(H) Droso-
phila/Lag-1 C. elegans), the major downstream effector of
Notch signaling, to regulate transcription of specific target
genes (Bray, 2006). In this report, we demonstrate that lin-
12/Notch gain-of-function (gf) animals display precocious alae
at the L4 larval stage with a significant increase in let-7
expression levels. Our genetic and molecular data suggest
that lin-12/Notch can positively regulate the let-7 in the hetero-
chronic pathway in C. elegans. Furthermore, we provide
evidence that activated human Notch1 also increases the levels
of let-7a microRNA in human cell lines, suggesting an
evolutionarily conserved cross-talk between let-7 and Notch
receptors in metazoans.
Materials and methods
C. elegans culture and strains
C. elegans strains were maintained on NGM plates with OP50 as described
(Brenner, 1974). The following strains were used in this study: N2 (wild-type),
lin-12(n137gf), lin-12(n137n460gf), lin-12(n472gf), lin-12(n302gf), lin-
12(n676n930lf), lin-12(n676gf), let-7(n2853lf), let-7(mn112);unc-3(e151), lin-
41(ma104lf), lin-29(n333lf), lag-1(om13lf), wls78 and ZaEx5. The double
mutants were as follows: let-7(n2853lf);lin-12(n137n460gf), let-7(mn112null);
lin-12(n137n460gf), lin-41(ma104lf);lin-12(n137n460gf), lin-29(n333lf);lin-
12(n137n460gf) and lin-12(427gf);lag-1(om13lf). Details on double mutant
crosses are upon request.Phenotype analysis
The precocious and retarded alae phenotypes were observed in L4 stages
using Nomarski optics. The different developmental stages were determined by
stage-specific gonad morphology (Ambros and Horvitz, 1984) and by specific
stage developmental markers col-19, col-17 and col-3 (Liu et al., 1995). To
visualize seam cell junctions and nuclei, we used an integrated array (wIs78)
containing both ajm-1∷gfp and scm-1∷gfp.
Northern blot analysis
Total RNA was extracted from synchronized cultures of worms or
subconfluent cultures of human cell lines using the Trizol reagent (Invitrogen).
The small RNAs were resolved on pre-cast 15% Urea-TBE gels (Bio-Rad) for
1 h and were transferred to Zeta-probe blotting membrane (Bio-Rad) overnight
using a Bio-Rad Criterion blotter. After transfer, the membranes were air-dried,
UV cross-linked (1200J) and baked for 1 h at 80 °C. Blots were pre-hybridized
in 50 ml hybridization solution (5× SCC, 20 mM NaH2PO4, 7% SDS, 1×
Denhardt's solution) for 1 h and subsequently probed overnight with ∝-32P-
labeled let-7 probe (enhanced with LNA, Exiqon) with a probe concentration of
106 cpm/ml. The C. elegans let-7 and human let-7a detection utilized the same
probe sequence 5′-aactatacaacctactacctca-3′, and for loading control we used the
U6 probe 5′cacgaatttgcgtgtcatcctt-3′. Prior to film exposure, the blots were
washed twice for 30 min each in 6× SCC, 20× Denhardt's solution, 10% SDS,
50 mM NaH2PO4 and twice for 10 min each in 1× SCC, 1% SDS.
qRT-PCR and RT-PCR
The quantitative real-time PCR (qRT-PCR) experiments were performed by
the TaqMan method and the Stratagene MX3000P QPCR detection system. The
fold-change in lin-41 mRNA levels was calculated using the ΔΔCt method and
normalized to eft-2 loading control as described (Bagga et al., 2005). Standard
RT-PCR experiments were performed using the MMLV reverse transcriptase kit
(Stratagene) followed by PCR with primers that span the 3′-UTR of the target
gene as described (Bagga et al., 2005).
Cell culture
The human embryonic kidney cell HEK293T and the mammary epithelial
cell (MEC) lines 16A5 and 76NTert were used in our study. 16A5 and 76NTert
cell lines are HPV-E6/E7 and hTert-immortalized, respectively, derivatives of
76N normal MEC line established from a reduction mammoplasty (Band and
Sager, 1989). Mammary cells were cultured in the DFCI-1 medium supp-
lemented with 12.5 ng/ml EGF, and 293 T cells were cultured in Dulbecco's
Modified Essential Medium supplemented with 5% fetal bovine serum.
Ectopic Notch expression
Intracellular region of human Notch1 (ICN1) cloned in a retroviral vector
(MIGR1) was kindly provided by Dr. Warren Pear (University of Pennsylvania).
Retroviral supernatants were generated by transfecting 10 μg of the MIGR1-
ICN1 or control vector along with the pIK packaging vector into tsa54
packaging cells (CellGenesys) (Pear et al., 1993) using the calcium phosphate
method. Viral supernatants were collected, cleared through a 45-μm cellulose
filter and freshly applied to proliferating target cells during two serial
incubations as previously described (Dimri et al., 2000). Aliquots of cells
were processed for RNA extraction (see Northern blot analysis) or for protein
extraction and Western blot.
Western blot analysis
Cells were lysed in 3% SDS, 50 mmol/L Tris–HCl, pH 7.4. Aliquots of
100 μg protein were measured using the bicinchonic acid protein assay kit
(Pierce), separated on SDS–PAGE gels, transferred to a PVDF membrane
(PerkinElmer) and blotted with a rabbit anti-human Notch1 cleaved N terminal
polyclonal antibody (100-401-407; Rockland) or anti-beta-actin mouse
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with the primary antibody for 1 h at room temperature and washed 3 times in
Tween 20–TBS buffer. Appropriate HRP-labeled secondary antibodies were
applied for 1 h and washed again in Tween 20–TBS buffer. Signals were
developed using the Western Lightning Chemiluminescence Reagent Plus Kit
(PerkinElmer). The specificity of anti-Notch antibody was verified by com-
petition with the specific control peptide (Rockland, data not shown).
Results and discussion
lin-12/Notch genetically interacts with the heterochronic gene
lin-41
During an RNAi screen for potential regulators of lin-12/
Notch in C. elegans (Liu, Solomon and H. Band, unpublished),Fig. 1. Activated lin-12/Notch mutants display precocious alae and seam cell phenoty
loss-of-function (B) animals displaying molt (Mlt) phenotype at the transition from L4
with no alae (i.e., normal development) in contrast to lin-12(n137n460gf) (D) or lin-
and precocious alae (black arrows and parenthesis). (F) An N2,wIs78 animal express
seam cell nuclei) depicting un-fused seam cells at the L4 stage. (G) A lin-12(n137n4
fused seam cell phenotype at mid L4 stage with no obvious cell–cell junctions as ind
GFP are shown in green (G) or after pseudo-coloring (pink) (H). (I, J) lin-12(n137n46
and precocious alae (arrows). (K) RT-PCR of developmental stage-specific collagen t
The adult-specific col-19 marker (Liu et al., 1995) is highly expressed at the adult s
contrast, L4-specific col-17marker shows a reciprocal expression pattern. col-3 is exp
al., 1995). All experiments were done at 15 °C.we observed a molting defect (Mlt) phenotype associated with
increased lin-12/Notch activity (Fig. 1A). We found that the
gain-of-function (gf) temperature-sensitive lin-12(n137n460gf)
animals display an intriguing Mlt phenotype at all develop-
mental stages at 15 °C (total 18%, n=248) (Fig. 1A). Tem-
perature shift experiments with lin-12(n137n460gf) animals
confirmed that Mlt is associated with increased lin-12/Notch
activity same as the multi-vulva (Muv) phenotype described by
Greenwald and Seydoux (1990). A significant suppression of
both Mlt and Muv phenotypes was observed in these worms
when shifted to 25 °C: ∼2% Mlt (n=675) and 6.3% Muv
(n=64) vs. 18%Mlt and 100%Muv at 15 °C (nN100) (Pb0.05).
We could not detect any Mlt defects in a loss-of-function and
null mutant strain of lin-12 (Table 1 and data not shown).pes. (A and B) The lin-12(n137n460gf) gain-of-function (A) and lin-41(ma104lf)
to adult stage. (C–E) Awild-type animal (N2 strain) (C) at the mid-late L4 stage
12(n427gf) mutants (E) at the L4 stage with vulva invagination (black asterisks)
ing AJM-1∷GFP (adherens junction marker; white arrows) and SCM∷GFP (in
60gf),wIs78 animal expressing AJM-1∷GFP and SCM∷GFP, demonstrating a
icated by the lack of junctional GFP signal. The fused seam cells visualized with
0gf) L4 stage larvae displaying multiple invaginations of the forming multi-vulva
ranscripts at L4 vs. adult stage in N2 (wild-type) and lin-12(n137n460gf) worms.
tage in both N2 and lin-12(gf) worms but is nearly undetectable at L4 stage. In
ressed at all developmental stages but is higher at L4 and lower in adults (Liu et
Table 1
Precocious phenotype of activated lin-12 gain-of-function (gf) mutant worms and interactions with the let-7 heterochronic pathway components
Percentage of animals with adult lateral alae
Genotype L4 larva (L3 molt) Adult (L4 molt) Alae phenotype Other phenotypes
N2 (wild-type) 0% (48) ⁎ 100% (56) Normal –
lin-12(n137gf) 35% (60) 100% (30) Precocious Muv,a Eglb
lin-12(n137n460gf) 54% (106) 100% (37) Precocious Mlt,c Muv, Egl Dpyd
lin-12(n427gf) 51% (80) 100% (29) Precocious Muv, Egl
lin-12(427gf); lag-1(om13lf) 0% (17) 100% (20) Normal Egl, Emb,e Lvaf
lin-12(n676gf) 30% (40) 100% (33) Precocious Egl
lin-12(n302gf) 29% (31) 100% (10) Precocious Egl
lin-12(n676n930lf) 0% (30) 100% (10) Normal Egl, Vulg
let-7(n2853lf) 0% (20) 0% (20) Retarded Mlt, Egl
let-7(mn112null);unc-3(e151lf) 0% (20) 0% (20) Retarded Mlt, Let
lin-41(ma104lf) 46% (57) 100% (25) Precocious Mlt, Egl, Dpy
lin-29(n333lf) 0% (15) 0% (31) Retarded Mlt, Egl,
let-7(n2853lf);lin-12(n137n460gf) 0% (20) 0% (20) Retarded Mlt, Muv, Egl
let-7(mn112null);lin-12(n137n460gf) 0% (16) 0% (25) Retarded Mlt, Muv, Egl
lin-41(ma104lf);lin-12(n137n460gf) 50% (32) 100% (16) Precocious Mlt, Muv, Egl
lin-29(n333lf);lin-12(n137n460gf) 0% (30) 0% (25) Retarded Mlt, Muv, Egl
aMulti-vulva, begg-laying defect, cmolting defect, ddumpy, eembryonic lethal, flarval arrest, gvulvaless.
⁎ Number of animals scored.
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identified the heterochronic gene lin-41, which encodes a
RING-finger, B-box and Coiled-Coil (RBCC) protein, to
genetically interact with lin-12/Notch. We found that reduction
of lin-41 mRNA levels in lin-12(n137n460gf) animals by
RNAi feeding enhanced the Mlt phenotype (from 18% to 44%
Mlt at 15 °C, n=760), without affecting the Muv phenotype
(100%Muv). Notably, the Mlt defect occurred predominantly at
the L4 to adult transition, and most of the Mlt animals were
trapped in their old cuticle. A similar but weaker defect was
observed in lin-41(ma104) (13% Mlt, n=54) (Fig. 1B) and in
wild-type animals fed with lin-41 RNAi construct (5% Mlt,
nN100). The enhanced Mlt phenotype observed in lin-12
(n137n460gf);lin-41(RNAi) animals suggested that lin-12 and
lin-41 may cooperate to regulate molting.
Activated lin-12/Notch mutants display heterochronic defects
Molting defects were previously reported in retarded and
precocious heterochronic pathway mutants (Ambros and
Horvitz, 1984), and recently let-7 was shown to be involved in
the regulation of molting (Hayes et al., 2006). Therefore, based
on the genetic interaction observed between lin-12 and lin-41,
and the fact that lin-41 is a target of let-7, we hypothesized that
Mlt and heterochronic defects may be linked. To determine
whether lin-12/Notch gf animals display heterochronic defects,
we analyzed several lin-12/Notch (gf) mutants and found that
they indeed displayed a phenotype of precocious alae and fused
seam cells at the L3molt phase (Fig. 1 and Table 1). To verify the
identity of the different developmental stages analyzed, we
performed RT-PCR for developmental stage-specific markers
and examined the gonad morphology and found that they indeed
correspond to the appropriate developmental stages (Fig. 1K and
data not shown). We also analyzed a partial loss-of-function
strain and null mutant strain of lin-12 and could not detect anyretarded developmental phenotypes in these animals (Table 1
and data not shown). To address the possibility that our negative
results with loss-of-function and null animals reflect redundant
roles of the two Notch receptors, lin-12 and glp-1, we depleted
the glp-1 mRNA from lin-12(null) and lin-12(lf) animals.
Unfortunately, we could not analyze the F1 progeny because of
larval arrest and/or embryonic lethality. Alternatively, our results
could be explained by a redundant role of lin-12 in development
timing in C. elegans. However, it is possible that the observed
effects represent an aberrant effect of gain of function lin-12
alleles and that normal lin-12 does not play a physiological role
in developmental timing.
Next, we examined if lin-12 and let-7 pathways interact
genetically. For this analysis, we used lin-12(n137n460gf) since
it showed the most penetrant Mlt and heterochronic defects
(Table 1). Our results demonstrate that the precocious alae in the
L4 stage observed in lin-12(gf) animals were fully suppressed in
null and loss-of-function mutant backgrounds of let-7 and
lin-29, respectively (Table 1). In addition, the precocious alae
phenotype in double mutant lin-12(n137n460gf);lin-41(ma104)
was comparable to that in the single mutant lin-12(n137n460gf)
(Table 1). Our result indicates that lin-41 may act downstream
of lin-12 in regulating alae formation. Taken together, we
propose a genetic model wherein lin-12 functions upstream of,
or in parallel to, the let-7 late larval development pathway in C.
elegans (Fig. 2). Furthermore, our data suggest that lin-12/
Notch might regulate let-7 expression in C. elegans.
lin-12/Notch positively regulates the expression of let-7
To determine whether lin-12/Notch regulates let-7 expres-
sion, we generated the lin-12(n137n460gf);zaEx5 strain carrying
a reporter construct for let-7 expression (plet-7∷GFP) and ana-
lyzed GFP expression levels at different developmental stages.
This strain exhibited precocious GFP expression in seam cells as
Fig. 2. The proposed genetic model for lin-12/Notch in regulating larva-to-adult
switch (L/A) in C. elegans. We propose that lin-12/Notch positively regulate the
let-7 microRNA in the L4 stage to execute the L/A switch. Temporal
upregulation of let-7 will ensure the proper downregulation of lin-41 mRNA
and activation of the transcription factor lin-29. Upon LIN-29 activation, seam
cells will exit the cell cycle and will differentiate into adult seam cells. In this
final molt phase (L4), an adult cuticle and alae are formed, and molting cycle
ceases. In addition, we propose that rescue of lethality in let-7 mutants by
activated lin-12/Notch suggests the possibility that lin-12/Notch may also
regulate other let-7 targets independent of the let-7 microRNA.
195A. Solomon et al. / Developmental Biology 316 (2008) 191–199well as enhanced GFP expression in the intestine at the L3 stage
(90%, n=67) (Fig. 3). On the other hand, wild-type animals
never showed GFP expression in seam cells before the L3 to L4
transition, as reported previously (Johnson et al., 2003). A
brighter GFP signal was also detected in lin-12(n137n460gf);
zaEx5 L4 and adult animals in hypodermal and intestinal cells
(80–90%, nN100, and data not shown). In addition to the in vivo
observations, Northern blot analysis demonstrated a 2-fold
increase in mature let-7microRNA levels in lin-12(gf) compared
to wild-type worms (Fig. 3E). Because of the negative regulatory
role of let-7 on lin-41 mRNA levels (Bagga et al., 2005), we
expected lower levels of lin-41 mRNA in lin-12(gf) worms.
Indeed we found a substantial reduction in lin-41 mRNA levels
in L2, L4 and young adults stages in lin-lin-12(gf) worms, and
this phenotype was reversed in the let-7 null background (Fig.
3G). The lower lin-41 mRNA level in lin-12(gf) animals is
expected to lead to a higher level of LIN-29 activity to specify
premature larva to adult transition. Taken together, our results
provide evidence that lin-12/Notch may negatively regulate
lin-41 via the upregulation of the let-7 microRNA.
To determine if let-7 regulation by lin-12/Notch is cell-
autonomous, we analyzed LIN-12 expression in seam cell using
a strain carrying a functional lin-12∷LacZ fusion construct
(Wilkinson and Greenwald, 1995). However, we were unable to
detect LacZ staining in seam cells although we observed the
typical staining of vulva precursor cells and sheath cells around
the tip of the gonad (data not shown). Our inability to detect theexpression of LIN-12 in seam cells is likely to be due to either a
very low level of expression and/or short temporal expression of
LIN-12 in these cells, as is the case in certain other tissues types
and cells known to require LIN-12 activity such as rectum, anal
depressor muscle cells, rectal sphincter cells and some L1
intestinal cells (Wilkinson et al., 1994).
Heterochronic phenotypes in lin-12/Notch gain-of-function
mutants are lag-1 dependent
To determine if the canonical lin-12 signaling pathway is
involved in late larval developmental timing in C. elegans, we
tested whether the precocious alae in lin-12(gf) worms depend
on lag-1. LAG-1 is a conserved transcription cofactor that
serves as a major effector of lin-12 signaling (Christensen et al.,
1996). We generated the lin-12(n427gf);lag-1(om13) and lin-12
(n137n460gf);lag-1(om13) double mutants and found that both
show a very slow growth rate with embryonic and larval arrest.
Since the n137n460 allele showed a higher penetrance of
embryonic lethality, we analyzed the lin-12(n427gf);lag-1
(om13) mutant and found a complete suppression of the Muv
and the precocious alae phenotypes but not of the Egl phenotype
(Table 1). These results suggest that lin-12/Notch act in a
canonical lag-1-dependent manner to control alae formation in
C. elegans.
The lethality phenotype of let-7 mutants is suppressed by
lin-12/Notch gf mutant
The let-7 microRNA is essential in C. elegans and the let-7
(mn112) null homozygous animals die by a characteristic
bursting of the vulva (Reinhart et al., 2000). A similar
phenotype was also described for the temperature-sensitive
let-7(n2853) mutant (Reinhart et al., 2000). Previous studies
have shown that the lethality of let-7 mutants can be rescued by
crossing with specific let-7 target gene mutants, such as lin-41,
hbl-1, let-60/Ras and daf-12 (Reinhart et al., 2000; Slack et al.,
2000). To our surprise, we found that lin-12(n137n460gf)
mutant rescued the lethality phenotypes of let-7(n2853) and let-
7(mn112) mutants (Fig. 4 and Table 2). The previous studies
(Reinhart et al., 2000; Slack et al., 2000) suggest that
dysregulated expression of let-7 target genes contributes to
the lethal and sterile phenotypes observed in let-7 mutants.
Rescue of lethality in let-7 mutants by activated lin-12 suggests
the possibility that lin-12 may also regulate let-7 targets
independent of let-7 gene product (Table 2). This hypothesis
can explain the rescue of the let-7 mutants and it is currently
under investigation.
Activated Notch1 regulates the let-7a microRNA in human cells
The fact that lin-12/Notch regulates seam cell fate via a
conserved transcription cofactor (lag-1) and a phylogenetically
conserved microRNA (let-7) raises the possibility that a cross-
talk between Notch receptors and the let-7 microRNA might be
conserved in higher metazoans. To test if let-7 regulation by
Notch receptor is conserved in humans, we introduced the
Fig. 3. Upregulation of let-7microRNA expression in lin-12/Notch gain-of-function mutant worms. (A–D) N2, plet-7∷GFP reporter animals at L3 stage display weak
GFP expression in intestinal cells with undetectable GFP in seam cells (A and C). In contrast, lin-12(n137n460gf), plet-7∷GFP worms display brighter GFP signals in
intestinal cells and precocious GFP signals in seam cells (B, D) (white arrows). (C, D) Higher magnification of mid-body section of worms depicted in panels A and C,
respectively. (E) Elevated let-7 microRNA expression in lin-12/Notch gf worms. Total RNA was isolated form young adult animals of the N2 strain, or lin-
12(n137n460gf), the doubles lin-12(n137n460lf);let-7(mn112null) and lin-12(n137n460gf);let-7(n2853lf) mutants, and was subjected to Northern blot analysis for let-
7 microRNA and U6 (loading control). Note that let-7 expression is 2- to 3-fold higher in lin-12(gf) single mutants compared to wild-type animals but weak or
undetectable in let-7(n2853) and let-7(mn112) null mutant background, respectively. The identity of the bands above the mature let-7 microRNA (see asterisks)
present in lanes 3 and 4 is unknown. (F) RT-PCR (upper line) and real-time PCR (qRT-PCR) (lower line) quantification of the relative levels of lin-41 mRNA in
lin-12(gf) worms at L2, L4 and young adults (YA) stages in comparison to wild-type animals. The average fold-change in mRNA levels (for qRT-PCR analyses,
see Materials and methods) in each developmental stage is marked with an asterisk. (G) RT-PCR analysis to demonstrate that the observed reduction of lin-41 mRNA
levels in the lin-12(n137n460gf) animals is reversed in a let-7 null mutant background.
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cell lines and analyzed the effect on human let-7a expression.
Overexpression of Notch1 ICN resulted in a ∼2 fold increase in
let-7a RNA levels in the human embryonic kidney cell line
293T, and the immortalized human mammary epithelial cell
lines 16A5 and 76NTert (Fig. 5). These results suggest a con-
served regulation of let-7 by lin-12/Notch receptors across evo-
lution. Notch signaling regulates important cell fate decisions inmammals, including stem cell maintenance, cell differentiation
and proliferation, and dysregulation of Notch pathway is
strongly associated with cancer. For example, activating
mutations of Notch1 are found in more than 50% of human T-
cell acute lymphoblastic leukemia (Weng et al., 2004), and
activated ICN is found at high levels in breast cancer cell lines
and tissues (Stylianou et al., 2006). On the other hand, in an
animal model, Nicolas et al. (2003) demonstrated that Notch1
Fig. 4. lin-12(n137n460gf) mutant suppresses the lethality and sterility phenotypes of let-7 mutations. (A, B) lin-12(n137n460gf);let-7(n2853lf) Egl double mutant
(A) with fertilized eggs and progeny in contrast to let-7(n2853lf) animals which die as a result of characteristic bursting of the vulva at 25 °C (B). (C) A viable lin-
12(n137n460gf), let-7(nmn112) null animal showing an Egl phenotype with progeny developing within the parental worm at 15 °C, and also at 25 °C (see Table 2).
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Specifically, Notch1 deficiency in mouse epidermis and primary
keratinocytes resulted in basal-cell carcinomas. It was also
suggested that let-7 may function as a tumor suppressor in
human lung cancer by downregulating the expression of Ras
(Johnson et al., 2005). In addition, let-7was shown to inhibit cell
growth of human lung adenocarcinoma and colon cancer cell
lines (Akao et al., 2006; Takamizawa et al., 2004). Thus, it is
conceivable that the novel Notch-let-7 axis defined here could
play an important role in cell fate determination in higher
organisms.
Conclusions
The role of the canonical lin-12/Notch signaling pathway in
the regulation of cell fates, cell proliferation and cell deathTable 2
Activated lin-12/Notch mutant suppresses the lethality and sterility phenotypes
of let-7 mutations
Genotype No. of progeny a Fertile worms b
N2 (wild-type) 280±12 100%
lin-12(n137n460gf) 21±2 100%
let-7(n2853lf) 0 2–5%
lin-12(n137n460gf), let-7(n2853lf) 23±3 100%
let-7(nm112null),unc-3(e151) 0 2–5%
lin-12(n137n460gf),
let-7(nm112),unc-3(e151)
32±3 100%
lin-41(ma104lf) 30 c 100%c
lin-41(ma104lf), let-7(nm112),
unc-3(e151)
19 c 95%c
a Average number of live progeny from ten adults worms at 25 °C.
b Percent of worms (nN100) with fertile eggs scored at 25 °C.
c From Slack et al. (2000).during development has been well established. Our study
revealed that activated lin-12/Notch alleles can affect late larval
development timing in C. elegans by upregulating the let-7
microRNA expression. We were unable to answer the question
whether lin-12/Notch has a normal role in developmental
timing because of lethality issues, and potentially redundant
roles of the two Notch receptors (lin-12 and glp-1). However,
the observations that activated lin-12 mutants display pre-
cocious alae at L4 larval stage with a precocious and elevated
expression of let-7, and the ability to rescue the lethal phenotype
of let-7 mutations with lin-12 gf mutants collectively suggests
that lin-12/Notch has a redundant role in developmental timing
in C. elegans. Our finding that activated human Notch1 can
regulate let-7a expression in human cell lines suggests an
evolutionarily conserved cross-talk between let-7 and the
canonical lin-12/Notch signaling pathway. Future studies
aimed at understanding the molecular mechanisms by which
lin-12/Notch signaling regulates let-7 could provide mechan-
istic insights relevant to developmental biology and may help
understand the mechanisms of cellular transformation and
tumor progression in higher organisms.
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